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We demonstrate that a population of Active Galactic Nuclei (AGN) can describe the observed
spectrum of ultra-high-energy cosmic rays (UHECRs) at and above the ankle, and that the dominant
contribution comes from low-luminosity BL Lacs. Such an AGN-only scenario is in tension with
UHECR composition observations above 10 EeV. However, a sub-dominant contribution from high-
luminosity AGN reduces this tension and leads simultaneously to a substantial neutrino flux that
peaks at EeV energies. The same emission also extends down to PeV energies, and is therefore
constrained by current IceCube limits. We also show that the flux of neutrinos emitted from within
the sources should outshine the cosmogenic neutrinos produced during the propagation of UHECRs.
This result has profound implications for ultra-high-energy (∼EeV) neutrino experiments, since
additional search strategies can be used for source neutrinos compared to cosmogenic neutrinos,
such as stacking searches, flare analyses, and multi-messenger follow-ups.

Blazars are Active Galactic Nuclei (AGN) with their jets
pointed towards Earth; they contribute more than 80%
of the Extragalactic Gamma-ray Background (EGB) [1],
dominating the γ-ray emission above 50 GeV. In addition,
there are strong indications for correlations in arrival di-
rections of UHECRs with extragalactic γ-ray sources, in-
cluding AGN [2]. Jetted AGN are also one of the can-
didate source classes which may have sufficient power to
maintain the UHECR flux. As a consequence, it is natural
to consider jetted AGN as possible origin of the observed
UHECRs.

On the other hand, a diffuse flux of high-energy astro-
physical neutrinos has been discovered [3]. This may be a
direct indicator for the origin of UHECRs because neu-
trinos point back directly to their sources, while UHE-
CRs are deflected by (Galactic and extragalactic) magnetic
fields. The recent detection of neutrinos from the flaring
blazar TXS 0506+056 provides further evidence that cos-
mic rays are accelerated in AGN [4, 5], see also earlier re-
sults [6], although the required cosmic-ray energies to pro-
duce PeV neutrinos are several orders of magnitude below
the UHECR range. Dedicated experimental searches for
neutrinos from known objects in catalogs limit the contri-
bution of these objects to below about 20% [7] of the diffuse
neutrino flux. This means that observable γ-ray blazars are
probably not the dominant source of neutrinos at TeV-PeV
energies. At the same time, it cannot be excluded that neu-
trino sources at EeV (∼ 1018 eV = 109 GeV) energies exist,
where currently only upper limits are placed [8, 9]. In fact,
if AGN significantly contribute to the UHECRs flux, they
will need to accelerate protons and cosmic-ray nuclei up to
∼ 1020 eV. The neutrinos from AGN are expected to carry
a fraction of the primary energy, ≃ 0.05Ep for protons,
which means that a significant neutrino flux is expected in
the EeV energy range.

Cosmogenic neutrinos are neutrinos produced in UHECR
interactions during their propagation over extragalactic
distances. They are the main target for radio-detection
neutrino experiments in the EeV range such as the radio ar-
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ray of IceCube-Gen2 [10], GRAND [11], ARA [12] and AR-
IANNA [13]. Recent descriptions of the UHECR spectrum
and composition, however, indicate that the maximum en-
ergies are limited by the accelerators; they can be described
by a rigidity-dependent maximum energy ECR ∝ Z with Z
the charge of the nucleus [14]. Such an energy dependence
is, for instance, generated if the Larmor radius of a particle
is to be confined within a certain zone of fixed size. This
framework implies low cosmogenic neutrino fluxes [15, 16],
although a potential significant contribution to the neu-
trino flux from a sub-dominant proton population is toler-
able by data [17]. In this letter we scrutinize the hypothesis
that the EeV neutrino sky is dominated by cosmogenic neu-
trinos, and we demonstrate that source neutrinos may be
the foreground.

The production of UHECRs and neutrinos in AGN has
been studied in previous works (see e.g. Refs. [18–31]).

In particular, the production of UHECRs of energies up
to 1020 eV in AGN is supported by past studies involving
the simulation of different reacceleration mechanisms [32–
34]. At the same time, other more phenomenology-driven
studies have had the objective of describing the observed
UHECR spectrum and composition with a population of
high-energy sources [35–37]. However, a self-consistent de-
scription of the UHECR spectrum and composition includ-
ing a neutrino flux prediction from the entire AGN popu-
lation has not yet been performed.

In this work, we assume that the cosmic rays are in fact
accelerated in AGN jets to a power-law spectrum up to
ultra-high energies. We then utilize a combined source-
propagation model, which has essentially three compo-
nents: (1) Simulation of the photohadronic interactions
that the preaccelerated UHECRs undergo in a radiation
zone in the jet. In leptohadronic AGN models, this zone
is typically required to be relatively compact, namely sub-
parsec size; (2) Simulation of the propagation of the es-
caping cosmic rays towards Earth, including cosmogenic
neutrino production; (3) Extension of the calculation to
the entire cosmological distribution of AGN. The resulting
overall UHECR and neutrino fluxes are then compared to
current measurements.

We consider different AGN populations, each with a
different cosmological evolution, based on the different
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[48]; and (b) to study what the minimum and maximum ex-
pected fluxes of both source and cosmogenic neutrinos are,
particularly in the EeV range – while the current IceCube
limits at lower energies are to be obeyed [7].
The physical parameters of the simulation are considered

the same for all sources, which only differ among themselves
in their cosmological evolution and their electromagnetic
spectrum. The exception to this is the baryonic loading: we
allow low-luminosity BL Lacs to have a different (higher)
baryonic loading compared to the other two blazar classes.
The reason for this choice is that this study starts from
the premise that AGN alone can power the UHECR flux;
as discussed in Ref. [38], this means that low-luminosity
AGN must be more efficient cosmic-ray accelerators vis-a-
vis high-luminosity AGN, since otherwise the latter would
violate the current IceCube neutrino limits, especially the
more powerful FSRQs.
In Fig. 2 we present our main result describing the

UHECR spectrum and composition together with the pre-
dicted neutrino fluxes. In Appendix B we list the values of
the source parameters underlying this result, and we dis-
sect the characteristics of the three individual blazar sub-
populations.
In the upper left panel of Fig. 2 we can see that it is

possible to interpret the shape of the UHECRs flux at
and above the ankle with a dominant contribution from
low-luminosity BL Lacs. Assuming FSRQs have the same
cosmic-ray acceleration efficiency as BL Lacs (10%, see Ap-
pendix B), their contribution is softer due to their large
cosmological distances (dotted blue curve).
While low-luminosity BL Lacs can explain the UHECR

flux, high-energy neutrinos are efficiently produced mainly
in FSRQs, which dominate the spectrum shown in the up-
per right panel of Fig. 2. In that sense, the neutrino flux
is predominantly constrained by the upper limits provided
by IceCube, and less so by cosmic-ray data. In fact, in this
model FSRQs contribute to the UHECRs flux at a level of
at most 10% at EeV energies, and the neutrino flux from
FSRQs is therefore not guaranteed. However, because the
UHECRs emitted by FSRQs have a high proton content,
their contribution does improve the composition observ-
ables below 1010 GeV (see lower panels).
The dominance of FSRQs as neutrino emitters and of

BL Lacs as UHECR emitters is in agreement with previ-
ous literature [26]. Now we can additionally conclude that
the neutrinos emitted by the sources actually outshine the
overall flux of cosmogenic neutrinos. This shows that in
future searches in the EeV range, high-energy neutrinos
from FSRQs should outshine the overall cosmogenic con-
tribution from AGN, an important result for the next gen-
eration of EeV neutrino telescopes. For example, source
neutrinos point directly to the sources, which allows for dif-
ferent detection techniques such as stacking searches, flare
analyses or multi-messenger follow-ups. On the contrary,
cosmogenic neutrinos may be isotropically distributed1. In-

1 In general, cosmogenic neutrinos are not necessarily isotropically
distributed (see e.g. Ref. [51]). However, since the Auger results in-
dicate that most UHECRs at the highest energies are heavy nuclei,
we expect significant deflections in extragalactic magnetic fields,

terestingly, the same FSRQs that may dominate the EeV
neutrino flux may also contribute a few events at PeV en-
ergies.

Regarding the composition observables (lower panels of
Fig. 2), the result captures the general tendency of a heavier
composition with energy. However, the predicted composi-
tion at high energies is too heavy compared to Auger obser-
vations. This is because the proton-rich emission from FS-
RQs has a corresponding neutrino flux that is constrained
by the current IceCube limits, as shown in the upper right
panel. This discrepancy may appear to indicate that an
AGN-only origin of the UHECRs is in tension with observa-
tions; however, one of the main factors impacting this pre-
diction is the initial cosmic-ray composition in the sources,
which we fix to a Galactic-like composition. Allowing a
higher degree of flexibility in this assumption would help
alleviate the tension with the Auger composition data.

In Fig. 3 we represent the possible ranges for source neu-
trinos (blue band) and cosmogenic neutrinos (brown band)
inferred from our analysis. Since the cosmic-ray accelera-
tion efficiency of FSRQs is not constrained by UHECR ar-
guments, the bands in Fig. 3 comprehend any value up to
an acceleration efficiency of 100%, in order to portray the
full range of possibilities for the neutrino spectrum. We
can see that in any scenario where FSRQs dominate the
neutrino flux (including the benchmark result of Fig. 2),
the source neutrinos dominate over the cosmogenic com-
ponent. At the same time, if low-luminosity BL Lacs do
indeed power the UHECRs, then the cosmogenic neutrinos
from this source class constitute a guaranteed flux up to
EeV energies (dashed curve), which would however be dif-
ficult to detect with the future instruments currently pro-
posed.

Besides the UHECR spectrum and composition and the
neutrino flux, relevant constraints to this problem can also
be provided by the cosmogenic γ-ray flux and the arrival
directions of the UHECRs. Our main result is expected
to be fully compatible with measurements and limits on
these observables. For a discussion on these topics, see
Appendices C and D.

In summary, we have performed a self-consistent descrip-
tion of jetted AGN as the sources of the UHECRs, in-
cluding a source model treating the nuclear cascade in the
sources; an UHECR transport model; and a blazar popula-
tion model describing the extragalactic γ-ray background
and the evolution of the spectral energy distribution. The
acceleration model and the expected injection composition
have been well motivated by previous results in the litera-
ture.

We find that low-luminosity BL Lacs can describe the
shape of the UHECR spectrum, and the corresponding neu-
trino fluxes are low. The expected UHECR composition,
however, is too heavy at high energies compared with Auger
measurements (due to our strict assumption of a fixed ini-
tial cosmic-ray composition). We have, on the other hand,
shown that the sub-dominant contribution from FSRQs can
lead to large source and cosmogenic neutrino fluxes within

leading to a high level of isotropy in the cosmogenic neutrino flux.
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Appendix A DETAILS OF THE

SOURCE-PROPAGATION MODEL

In this section we discuss in greater detail the methods
used to calculate the diffuse flux of UHECRs and neutrinos
from AGN.

AGN radiation model

The simulation of UHECR interactions in AGN jets
closely follows the methods described by Rodrigues et al.
[29]. The spectral energy distribution (SED) of each blazar
depends only on its γ-ray luminosity in the Fermi -LAT
range, following the latest parametrization of the blazar
sequence [43], which is based on the recent Fermi 3LAC
catalog [52]. The luminosity spectrum is converted into an
energy density in the jet assuming that cosmic-ray interac-
tions occur in a dissipation region modeled as a spherical
blob of a given radius. These cosmic rays are assumed to
be accelerated somewhere in the AGN jet, and are then
injected into the blob where they interact with the photon
field.
The blob is assumed to travel with a Doppler factor (from

the observer’s perspective) of δ = 10. The size of the blob
in the co-moving frame of the jet2, R′

blob
= δ Rblob, was

fixed to 0.1 pc for all sources.
The non-thermal photon spectrum in the blob is consid-

ered to be static during the simulation, and we assume it
is produced independently by a population of non-thermal
electrons that are also accelerated in the jet together with
the cosmic-ray nuclei. The magnetic-field strength in the
jet is assumed to scale as a power law of the γ-ray luminos-
ity of the blazar, following Appendix A of Ref. [29]. Follow-
ing closely the method in the same reference, we include the
presence of external fields in FSRQs, which are reprocessed
thermal radiation from the accretion disk. These include
thermal emission from a dusty torus, broad-line emission
from hydrogen and helium in a broad-line region (BLR)
and a thermal continuum from the partial isotropization of
the disk radiation. Since the size of the BLR is assumed to
scale with γ-ray luminosity, for bright FSRQs the blob will
be enclosed within the BLR, in which case these radiation
fields will be partially boosted into the jet, where they play
a major role in the photointeractions of cosmic rays.
The photohadronic interactions in the jet are calculated

using the NeuCosmA code [40, 41], which consists of
a time-dependent solver of a system of partial differen-
tial equations that describe the evolution of each particle
species involved. This consists of a series of hundreds of nu-
clear isotopes with masses from hydrogen up to iron-56, as
well as photons, pions, muons and neutrinos, which are pro-
duced through the decay of these particles. The simulated
interactions include pair production, photomeson produc-
tion, and photodisintegration (in the case of nuclei heavier
than protons). Photodisintegration leads to the break-up

2 We represent variables given in the rest frame of the jet with a
primed symbol, and in the observer’s frame as unprimed.

of nuclear species into lighter elements, and in NeuCosmA

this is calculated using the Talys model [53].
As detailed in the next section, acceleration is not explic-

itly simulated. Instead, we assume that the cosmic rays are
accelerated to a power-law spectrum with an exponential
cutoff:

dN

dE′
∝ E′−2 exp

(

E′

E′

max

)

, (1)

where E′ is the energy of the nucleus in the jet rest frame,
dN/dE′ is the differential energy density of this nuclear
species in the jet, and E′

max is the maximum injection en-
ergy where the cutoff occurs. The acceleration process is
assumed to take place in an acceleration zone, before the
cosmic-ray spectrum is then injected into the dissipation
zone that is the blob. The maximum energy of the in-
jected isotopes is calculated self-consistently by balancing
the timescales of the acceleration process and the leading
cooling process, following the method explained in Ref. [29].
The acceleration timescale depends on the acceleration ef-
ficiency parameter, ηacc ≤ 1, defined as the ratio between
the Larmor time of the cosmic rays and their acceleration
timescale. Therefore, the value of the acceleration effi-
ciency will determine the maximum energy E′

max achieved
by each nuclear species in the different sources. The ac-
celeration efficiency was fixed to 10% in the main result
shown in Fig. 2. This value leads to a maximum energy
of iron nuclei of order 100 EeV in low-luminosity AGN,
while in high-luminosity sources that value is reduced due
to photohadronic energy losses.
The mechanism by which cosmic rays escape from the

jet is another factor determining the emitted cosmic-ray
spectrum.
Because the transport equations depend only on energy

and not on position, the escape mechanism of the cos-
mic rays from the jet must be introduced in the equa-
tion system as an escape rate t′−1

esc , which may only de-
pend on the cosmic-ray energy. In this study, we have as-
sumed that the cosmic rays escape the radiation zone in the
jet through Bohm-like diffusion, as discussed in Ref. [29]:
t′−1
esc = cR′

L(E
′)/R′2, where R′

L((E
′)) is the Larmor radius

of a cosmic ray with energy E′. Because cosmic rays with
higher energies will more easily diffuse to the edge of the
radiation zone, the escape rate is proportional to the en-
ergy, leading to a relatively hard escape spectrum. A hard
emission spectral index is in fact a requirement to explain
the observed UHECR spectrum and composition (see e.g.
Refs. [14, 16]).
Finally, the overall normalization of the total power in

cosmic rays is given by the baryonic loading of the jet, de-
fined as the ratio between the total power in accelerated
cosmic rays and the γ-ray luminosity of the source (above
100 MeV). This factor was allowed to have a different value
in low-luminosity BL Lacs compared to high-luminosity BL
Lacs and FSRQs. While this choice may seem purely ad
hoc, it is in fact in part a result of the study itself. As can
be seen in Fig. 2, the baryonic loading of high-luminosity
blazars is limited by the IceCube stacking limit. That is
because most of these sources are resolved in γ-rays, and no
significant statistical correlations have been found between
the arrival directions of the IceCube neutrinos and the posi-
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tions of these high-energy sources. As shown in Tab. I, the
maximum value of the baryonic loading in FSRQs is 50. At
the same time, as discussed earlier, we know that AGN jets
should be capable of producing UHECRs, and can there-
fore contribute to the observed UHECR flux. Under the
premise that AGNs alone exhaust this flux, the baryonic
loading of each source must be in the order of 100, as de-
rived in previous studies (e.g. [26]). Therefore, it is neces-
sarily the case that only a sub-population of low-luminosity
BL Lacs, most of which unresolved in γ-rays, should have
high baryonic loadings. If cosmic rays escaped the AGN
jet through a more efficient mechanism, such as advection,
thee necessary baryonic loading of BL Lacs would be lower,
but as mentioned above, such mechanism is disfavored by
UHECR observations.

To obtain the combined UHECR/neutrino result shown
in Fig. 2, we scanned a range of physically allowed values
of blob radius, acceleration efficiency, and baryonic load-
ing. In each simulation, the blob radius and acceleration
efficiency were considered the same across all AGN, while,
for the reasons discussed above, the baryonic loading was
allowed a different value for low-luminosity BL Lacs and
high-luminosity blazars. In the result of Fig. 2 the blob
radius is 3× 1017 cm, and the cosmic-ray acceleration effi-
ciency 10%, while the baryonic loading values are reported
in Tab. I. These parameter values allow for the best de-
scription of the UHECR spectrum, while obeying current
IceCube neutrino constraints and with the assumption of a
Galactic-like composition of the cosmic rays in the source.

In high-luminosity FSRQs, the cosmic rays that escape
the AGN jet will continue interacting with external fields of
thermal and atomic broad line emission from these struc-
tures. We therefore implement a three-zone model for
cosmic-ray escape in these sources. This leads to an addi-
tional cooling of the UHECRs and additional neutrino pro-
duction in these bright FSRQs. The threshold above which
it becomes relevant to consider these additional zones is re-
lated only to the γ-ray luminosity of the FSRQ, as detailed
in Ref. [29]; see also that reference for further details about
the assumptions and the numerical implementation of this
model.

Although arguably the blazar sequence is not an accurate
description of the variety of photon spectra among known
blazars, we have numerically confirmed that the main re-
sult of this study does not depend very significantly on the
shape of the non-thermal photon fields, and therefore on
the adoption of the blazar sequence. The reason for this is
two-fold: UHECRs are emitted mainly by low-luminosity
AGN, which are optically thin to photointeractions; and
neutrinos are emitted mainly by high-luminosity FSRQs,
produced mainly through photomeson interactions with ex-
ternal thermal fields, as described above, while the non-
thermal SED plays a secondary role in neutrino emission
(see Refs. [26, 29] for details). Therefore, for a different
assumption on the non-thermal spectra produced in AGN
jets, a fit similar to that of Fig. 2 of the main section can be
found by varying the parameters of Tab. I within physically
acceptable values.

Cosmic-ray composition and the reacceleration

assumption

As described in the main part of this letter, we fix the
composition of the injected cosmic rays to that suggested
by Mbarek and Caprioli [34], who studied cosmic-ray reac-
celeration by AGN jets (see also Refs. [32, 33]). The reac-
celeation of cosmic rays up to energies of ∼100 EeV is an
assumption, as well as a motivation, of our study. How-
ever, since we do not explicitly model cosmic-ray accelera-
tion, but only their radiative interactions, it is important
to clarify the consistency of this assumption.
The first thing to note is that in our model, neutrino

production and UHECR emission from AGN are, to a cer-
tain extent, decoupled processes. That is because while FS-
RQs are efficienct neutrino emitters, the most abundant BL
Lacs are in fact very dim sources, and therefore optically
thin to photointeractions. In that sense, the parameters
of the radiation model such as the blob size and the tar-
get photon spectrum do not affect UHECR emission from
low-luminosity BL Lacs: the cosmic-ray spectrum that is
accelerated is practically unchanged from acceleration un-
til it is emitted by the source. Therefore, in these sources,
the model described in the previous section is essentially
reduced to cosmic-ray injection in the jet up to ∼100 EeV,
followed by its emission. Some residual neutrino produc-
tion does take place in low-luminosity BL Lacs, but only at
lower energies of up to 100 PeV, as shown in Fig. 2 and as
discussed also in Ref. [38]. The model is therefore compat-
ible with the physical scenario where Galactic-like cosmic
rays are reaccelerated and emitted without necessarily en-
tering deep into the jet.
On the other hand, in FSRQs the parameters of the radi-

ation model are in fact relevant (because they impact neu-
trino emission), but the reacceleration mechanism is not
constrained either by composition arguments or by ener-
getic requirements. The first reason is that, as discussed
in Ref. [29], neutrino production is largely independent
of cosmic-ray composition (except in the most powerful
quasars, which are very rare), and therefore our result is not
sensitive to the particular composition of UHECRs in FS-
RQs. Secondly, the predicted diffuse neutrino fluxes peak
at most at 1 EeV (which is determined by the spectrum
of the external target photons), and therefore the cosmic
rays producing these neutrinos need only peak at ∼1 EeV
in the rest frame of the jet. Cosmic rays from outside the
jet eventually reaccelerated to higher energies will not in-
fluence the results.
In summary, although acceleration is not explicitly calcu-

lated in this work, the model is consistent with the scenario
of cosmic-ray reacceleration in AGN jets.

Extrapolation to the entire AGN population

The cosmological evolution of blazars follows Ajello et al.
[44, 45] and is described in terms of a distribution in red-
shift, luminosity and spectral index (assuming a power-law
spectrum in the Fermi-LAT energy window). The adoption
of the model by Ajello et al., which is consistent with γ-ray
background observations, ensures that the present analysis
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also shares that consistency. We then integrate the distri-
bution over the spectral index, obtaining a distribution in
redshift and luminosity, as shown in Fig. 1. In this descrip-
tion, high-luminosity BL Lacs (Lγ ≥ 3.5×1045) and FSRQs
have positive source evolutions, with a peak around red-
shift z = 1. These objects are quite rare, with typical local
densities < 1 Gpc−3. On the other hand, low-luminosity
BL Lacs (Lγ < 3.5× 1045) have a negative evolution with
redshift, which means they are most abundant in the local
Universe. These objects have local densities higher than
the high luminosity ones, with typical values between 1
and 100 Gpc−3.
This blazar evolution model includes sources that fall be-

low the Fermi -LAT sensitivity are therefore only theoreti-
cally expected, as shown in Fig. 1. The negative evolution
implies that there are a large number of relatively nearby
BL Lacs that contribute to the UHECR spectrum at the
highest energies. If we were to impose a redshift cut on to
the blazar population at, say, 100 Mpc (note Mrk 421 is
located at 133 Mpc), then the predicted UHECR spectrum
would suffer a cutoff at ∼ 3× 1010 GeV due to photointer-
actions during propagation. The observed spectrum below
this energy could still be explained by low-luminosity BL
Lacs located further than 100 Mpc, requiring a three-fold
increase in their baryonic loading compared to the result of
our baseline model. Note that due to deflections in mag-
netic fields not only blazars can contribute to the UHECR
flux, but also AGNs with jets pointing in other directions.

Cosmological propagation of the UHECRs

The simulation of the propagation of UHECRs from their
sources to Earth is performed using the PriNCe code.
Written in Python, PriNCe uses a vectorized formulation
of the UHECR transport equation taking into account the
full nuclear cascade due to photodisintegration and pho-
tomeson production, as well as energy losses due to cos-
mological expansion and pair production. PriNCe has
been extensively cross-checked to reproduce results from
both CRPropa [54] and SimProp [55]. Photodisintegra-
tion interactions were calculated using the Puget-Stecker-
Bredekamp (PSB) parametrization [56]. We adopted the
Epos-LHC air-shower model [48] to convert the composi-
tion of UHECRs arriving at Earth into values for 〈Xmax〉
and σ(Xmax). Further details regarding the PriNCe code
can be found in Appendix A of Ref. [16]. Evidently, the
utilization of a different model would change the interpre-
tation of the predicted UHECR composition. For example,
using the Sybill 2.3 model [57] would lead to larger 〈Xmax〉
values compared to those shown in Fig. 2, and σ(Xmax)
would also increase. However, in general these changes
can be compensated for by assuming an escape mechanism
that leads to a harder UHECR spectrum, or by assuming
a larger radius of the production region, thus reducing the
extent of photodisintegration in the sources.
Note that unlike electromagnetic radiation and neutri-

nos, UHECRs typically do not point back directly to the
source (due to deflections whose severity depends on com-
position and energy). At the same time, this also means
that UHECRs escaping sideways from their sources may

be scattered back into the observer’s direction by magnetic
fields, which implies that non-blazar AGNs also contribute
to the overall flux. In that sense, a study of UHECR
emission from blazars must also include misaligned jetted
AGNs, although in observational terms these objects fall
into different categories. In our model, it is assumed that
these misaligned AGNs have similar properties to blazars
regarding UHECR acceleration, considering a) that the
available data support a unified view of these objects and
b) the Universe is isotropic, i.e., there is no reason to be-
lieve that objects pointing to Earth are special [39]. This
additional population is then taken into account indirectly,
through the inclusion of the beaming factor of the jet as
a correction to the apparent local rate of each blazar class
(which is implicitly performed by including the solid angle
boost when transforming the emitted flux from the blob
to the black hole/source frame [29]). While there exist
more generic approaches to this problem that could be in-
dependent of this assumption, such as the inclusion of an
additional population of misaligned jetted AGNs with a lo-
cal density higher than that of blazars, our method should
be in fact mathematically equivalent, leading to the same
effective result.

Appendix B BREAKING DOWN THE AGN

SUB-POPULATIONS

Here, we explore the differences between the three
blazar sub-classes regarding cosmic-ray and neutrino emis-
sion. From a purely quantitative perspective, all three
blazar sub-classes are capable of individually exhausting
the UHECR flux in a given energy range, as long as an
appropriate value of the baryonic loading is assumed. De-
pending on the source population, this will lead to a dif-
ferent corresponding spectrum of source and cosmogenic
neutrinos. Furthermore, in the main result of this letter,
the acceleration efficiency is fixed for all sources to 10%.
This is the value that allows for the best description of the
UHECR spectrum, which is dominated by low-luminosity
BL Lacs. A value higher than this would lead to the overall
UHECR spectrum peaking at too high energies. In bright
AGN, however, the maximum energy of the emitted cos-
mic rays is generally lower, due to strong energy losses
from photohadronic interactions in the jet. Higher values of
the acceleration efficiency can therefore be tested in these
sources, leading to different peak energies of their emitted
UHECR spectrum.

A Low-Luminosity BL Lacs

We start by considering cosmic-ray and neutrino emis-
sion from low-luminosity BL Lacs only. These are defined
as BL Lacs with a γ-ray luminosity Lγ ≤ 3.5× 1045 erg/s.
The reason for this splitting point is related to their cosmo-
logical evolution, as discussed in Ref. [38] (see also Fig. 1):
BL Lacs below this threshold luminosity are characterized
by a negative source evolution, whereas those above this
threshold luminosity are characterized by a positive source
evolution, similarly to FSRQs. This may point towards
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Galactic magnetic field assumptions. The same holds for
the low-luminosity BL Lacs only scenario, Fig. 4, and for
the all-AGN scenario, Fig. 8. In the example of Fig. 7,
the UHECR flux is highest in a lower energy range, for
which stronger deflections in magnetic fields can be ex-
pected. We therefore do not expect any significant small-
scale anisotropic signals in this case.
On the other hand, for both the example in Fig. 5 and

that in Fig. 6, strong anisotropic signals could be expected
due to the significant number of protons at the highest
energies. This would give arrival directions comparable
with the cases discussed in Ref. [20] or Ref. [22]. The lack
of strong small-scale anisotropies in the most recent Auger
data already provides strong constraints on such scenarios.


